The bc 1 complex family of enzymes plays a central role in all the main pathways of energy conversion, being directly responsible for ϳ30% of all the energy transduction of the biosphere (1-3). The complexes in Rhodobacter exemplify the simplest of these enzymes, with only three or four subunits, including the highly conserved catalytic core common to bacterial and mitochondrial complexes. It is generally accepted that the complex operates through a protonmotive Q cycle (2, 4, 5). Three catalytic subunits, cytochrome b, cytochrome c 1 , and the Rieske iron-sulfur protein, house the mechanism. Two separate internal electron transfer chains connect three catalytic sites for external substrates. At one site, cytochrome c 1 is oxidized by cytochrome c 2 . Two catalytic sites in cytochrome b are involved in the oxidation or reduction of ubiquinone. At the quinol oxidizing site, one electron from quinol is passed to the ironsulfur protein, which transfers it to cytochrome c 1 , whereas the semiquinone (SQ) 1 produced is oxidized by another chain consisting of the two b-hemes of cytochrome b in the bifurcated reaction. At the quinone-reducing site (Q i site), electrons from the b-heme chain are used to generate quinol. The integration of the oxidation and reduction reactions with the release or uptake of protons in the aqueous phases allows the complex to pump protons across the membrane. Electron transfer between the two Q sites through the b-heme chain provides the main electrogenic contribution.
The bc 1 complex family of enzymes plays a central role in all the main pathways of energy conversion, being directly responsible for ϳ30% of all the energy transduction of the biosphere (1) (2) (3) . The complexes in Rhodobacter exemplify the simplest of these enzymes, with only three or four subunits, including the highly conserved catalytic core common to bacterial and mitochondrial complexes. It is generally accepted that the complex operates through a protonmotive Q cycle (2, 4, 5) . Three catalytic subunits, cytochrome b, cytochrome c 1 , and the Rieske iron-sulfur protein, house the mechanism. Two separate internal electron transfer chains connect three catalytic sites for external substrates. At one site, cytochrome c 1 is oxidized by cytochrome c 2 . Two catalytic sites in cytochrome b are involved in the oxidation or reduction of ubiquinone. At the quinol oxidizing site, one electron from quinol is passed to the ironsulfur protein, which transfers it to cytochrome c 1 , whereas the semiquinone (SQ) 1 produced is oxidized by another chain consisting of the two b-hemes of cytochrome b in the bifurcated reaction. At the quinone-reducing site (Q i site), electrons from the b-heme chain are used to generate quinol. The integration of the oxidation and reduction reactions with the release or uptake of protons in the aqueous phases allows the complex to pump protons across the membrane. Electron transfer between the two Q sites through the b-heme chain provides the main electrogenic contribution.
The Q i site operates as a two-electron gate in which heme b H reduces Q to SQ on one turnover of the quinol oxidizing site and SQ to QH 2 on the second turnover (6, 7) . The SQ intermediate can also be generated as a thermodynamically stable species by redox (8, 9) or coulometric (10) titration, or by reversal of the second electron transfer (11, 12) . However, details of the equilibrium and rate constants, the interaction between semiquinone and heme b H , and the specific role of ligands in catalysis remain unresolved (8, 14 -16) . In each of these approaches, the yield of SQ, whether measured kinetically or thermodynamically, has always been substantially less than the stoichiometry of bc 1 complex (ϳ0.4 under conditions giving maximal yield). Early work from de la Rosa and Palmer (10) suggested the explanation that this might reflect spin silencing from magnetic interaction with oxidized heme b H . In this case, two populations of SQ might be expected, one with a fast and the other with a slow relaxation. The properties reported in the literature are those of a slowly relaxing species, easily saturated at a temperature Ͻ 100 K.
The crystallographic structures (17) (18) (19) (20) provide a molecular context in which a number of these unresolved mechanistic questions can be addressed more effectively. However, a better understanding of the binding of the different components of the Q/SQ/QH 2 system at the Q i site requires additional structural information related to transient states. The two high-resolution structures show different configurations of the site; in the yeast complex (20) , His-202 is rotated out of the site and contacts the quinone occupant through a bound water. In the bovine complex, His-201 is H-bonded directly to the quinone occupant.
The paramagnetic properties of the intermediate SQ species provide an opportunity to explore the local environment through high-resolution EPR techniques such as ENDOR (electron nuclear double resonance) and ESEEM (electron spin echo envelope modulation) (21) . By using these techniques, answers to the following questions can be addressed directly by measurement of the interaction between the paramagnetic center and nuclear spins from atoms in the immediate protein and solvent environment. (i) What are the liganding atoms for the SQ? (ii) Are waters involved directly in ligation? (iii) Does the configuration of the site in the presence of SQ differ from either of the x-ray structures?
In previous work (22) , the ubisemiquinone at the Q i site was studied by ENDOR. Spectra showed a loss of intensity (most significantly at the frequencies Ϯ2 MHz from the proton Zeeman frequency) after H/D exchange. These changes were assigned to one or more protons from hydrogen bonds, but the number of hydrogen bonds, their orientation, and which protein atoms were involved in these bonds were not resolved. The ENDOR spectra reported did not show the low frequency range (Ͻ10 MHz) where nitrogen peaks are usually located.
In this paper, we report a study of SQ intermediate formed at the Q i site in the bc 1 complex from Rhodobacter sphaeroides (EC 1.10.2.2) by one-dimensional and two-dimensional ESEEM techniques and demonstrate that a nitrogen atom characteristic of a histidine imidazole group provides an H-bond to the SQ. 1 Complex-The bc 1 complex was isolated from chromatophores prepared from R. sphaeroides strain GBH6 and purified by following the protocols described by Kuras et al. (23) with minor modifications as follows: the concentration of chromatophores was adjusted to give an absorbance of ⌬A 562-577 nm ϭ 1.2, and solubilization was performed for 1 h. The bc 1 complex was used fresh (freezing requires cryoprotectants (Me 2 SO or glycerol), which decrease the amplitude of the Q i site semiquinone).
EXPERIMENTAL PROCEDURES

Preparation of Isolated bc
Generation of Semiquinone at the Q i Site-Three protocols were used to generate semiquinone at the site. 1) The isolated bc 1 complex at 50 -200 M was suspended in a medium containing 100 mM KCl, 50 mM MOPS, 5 mM MgSO 4 , 0.01% n-dodecyl-␤-D-maltoside (Sigma), 15 g/ml phosphatidylcholine (Avanti Polar-Lipids, Inc., Alabaster, AL) at pH 7.8, 18 -20°C and reduced by the addition of sodium ascorbate, pH 7.0, to give a final concentration of 1 mM. Samples were incubated for 5 min and then stored under liquid N 2 until used for spectroscopy. 2) The bc 1 complex at 50 -200 M was suspended in a medium containing 100 mM KCl, 50 mM CHES, 5 mM MgSO 4 , 0.01% n-dodecyl-␤-D-maltoside, 15 g/ml phosphatidylcholine at pH 9.0, 18 -20°C in a redox titration cell which was kept anaerobic by argon gas. Redox mediators present were 40 M 1,2-naphthoquinone and 40 M 1,4-naphthoquinone. The redox potential was adjusted by the addition of small aliquots of dithionite or ferricyanide, and samples were taken under anaerobic conditions at the desired E h values using a syringe, placed in an EPR tube previously flushed with argon, frozen, and stored in liquid N 2 until use.
3) The bc 1 complex at 50 -200 M was suspended in a medium containing 100 mM KCl, 50 mM CHES, 5 mM MgSO 4 , 0.01% n-dodecyl-␤-D-maltoside, 15 g/ml phosphatidylcholine, and excess myxothiazol at pH 9.0 and reduced by the addition of decylubihydroquinone in 2-fold molar excess over the bc 1 complex monomer concentration. Samples were immediately stored under liquid N 2 until used for spectroscopy.
In all cases, the semiquinone species observed was completely eliminated by the addition of antimycin at 2-fold molar excess over the monomer concentration.
EPR Measurements-The EPR and ESEEM experiments were carried out using an ELEXSYS E580 X-band spectrometer (Bruker) with an Oxford CF 935 cryostat. Several types of ESEEM experiments with different pulse sequences were employed, with appropriate phase-cycling schemes to eliminate unwanted features from experimental echo envelopes. Among them were two pulse sequences and one-and twodimensional three-and four-pulse sequences. In the two-pulse experiment (/2 Ϫ Ϫ Ϫ Ϫ echo), the intensity of the echo signal at fixed interval, , between two microwave pulses with spin vector rotation angles /2 and is measured as a function of the magnetic field. In the one-dimensional three-pulse experiment (/2 Ϫ Ϫ /2 Ϫ T Ϫ /2 Ϫ Ϫ echo), the intensity of the stimulated echo signal after the third pulse is recorded as a function of time, T, at constant time, . The set of three-pulse envelopes recorded at different values forms a two-dimensional three-pulse data set. In the two-dimensional four-pulse experiment (/2 Ϫ Ϫ /2 Ϫ t 1 Ϫ Ϫ t 2 Ϫ /2 Ϫ Ϫ echo, also called HYSCORE), the intensity of the stimulated echo after the fourth pulse was measured with t 2 and t 1 varied and constant. Spectral processing of three-and four-pulse ESEEM patterns was performed using WIN-EPR software (Bruker).
Crystallography-Conditions for crystallography are described in detail in file 1pp9 and supplementary materials deposited with the Protein Data Bank and will be published elsewhere.
RESULTS AND DISCUSSION
Structures of the bc 1 complex from several groups have been reported in which an endogenous ubiquinone occupies the Q i site. In the structures of the complex from chicken mitochondria from Berry and co-workers (17) showed a different configuration in which the equivalent residues were involved but with His-202 rotated away from the quinone occupant and with water bridging between the quinone (ϾCϭO) and the histidine. In Fig. 1 , we compare this latter structure to the Q i site configuration in a new high-resolution structure (Protein Data Bank accession number 1pp9 at 2.1 Å) of the bovine mitochondrial complex. In this configuration, the arrangement of the ligands is similar to that from the earlier chicken complex but clearly different from the yeast structure. The three potential H-bonds are His-201 N-⑀H to ϾCϭO (2.52 Å), Asp-228 -OH to ϾCϭO (2.74 Å), and Ser-205 -OH to the H 2 O (2.62 Å) and to the -O-CH 3 oxygen atom (4.06 Å).
The SQ at the Q i site has been studied most completely in the context of redox titrations of the signal detected by continuous wave-X-band EPR (8, 9, 14, 15) . From the pH dependence, it has been concluded that the anion is the stable species, and parameters have been proposed that describe the stability in terms of the disproportionation reaction, midpoint redox potential (E m ) values for the two half-cell reactions, and pK values for the dissociable forms. The SQ can also be formed by reversal of the forward reaction on addition of QH 2 to the isolated complex in a myxothiazol-insensitive, antimycin-sensitive reaction (11, 12) .
The continuous wave EPR spectrum of ascorbate-reduced samples of the bc 1 complex in frozen solution shows an anisotropic powder line shape with a rhombic g-tensor g 1 ϭ 2.01, g 2 ϭ 1.91, g 3 ϭ 1.80 from the reduced Rieske [2Fe-2S] cluster. In many published spectra, and also in the isolated complex, an additional overlapping spectrum with a narrow line (width ϭ 0.8 mT) at g ϳ 2 is also seen. We observed that this narrow line disappeared with the addition of antimycin, indicating a phe-nomenological association with the Q i site. We have compared the properties of the species generated on the addition of ascorbate with those of the semiquinone formed by equilibrium redox titration at high pH and with the semiquinone generated on reversal of the normal forward reaction on addition of decylubihydroquinone to the oxidized complex in the presence of myxothiazol. The EPR relaxation times at 90 K and the line widths of the semiquinone generated under these three conditions were essentially the same. In view of the different procedures used, this result is significant, because previous studies had indicated that a substantial fraction of the semiquinone signal generated on one-electron reduction through a mediator was invisible, perhaps because of spin coupling to a neighboring oxidized b-heme (10). The similarity of the properties of the semiquinone generated by these three different procedures suggested that if such a spin coupling occurs, it has a relaxation time faster than the microsecond scale and does not affect the properties of the signal explored here.
The similarity of the EPR spectrum of the signal from SQ generated by three different procedures, the good correlation with properties previously reported, and its sensitivity to antimycin allow us to assign the narrow line to the SQ intermediate at the Q i site of the bc 1 complex. To explore the local environment of the semiquinone, we used pulsed EPR to determine the nature of neighboring nuclear spins. In the experiments shown in Figs. 2 and 3 , the ascorbate-reduced sample was used, and similar spectra were obtained with all three samples. Although the line from SQ overlaps with the signal of the Rieske cluster in continuous wave EPR spectrum, the characteristics of a pure SQ signal without any contamination from the cluster could be studied using pulsed EPR by exploiting the different temperature dependence of the relaxation times for the echo signals from the SQ and Rieske cluster. tics are shown at higher sensitivity in Fig. 2b . The relaxation time of the two-pulse echo of the Rieske cluster is too short (less then several hundred ns) at 90 K for its contribution to be detected in the spectrum; the echo signal from the Rieske cluster can only be observed at T Ͻ 30 K.
The T 1 relaxation measured at the peak height showed at all temperatures a small rapid component. This was of increasing significance as the temperature was lowered and likely includes a contribution from the Rieske cluster. This rapid relaxing component was not explored in greater detail in this study. However, we note that the selection procedure used here would also eliminate any rapidly relaxing semiquinone signal. Fig. 3a shows stacked plots of three-pulse ESEEM spectra at frequencies Ͻ10 MHz, which are appropriate for detection of 14 N nuclei, recorded as a function of time, , between the first and second pulses. These spectra contain two lines at 1.7 and 3.1 MHz, which indicate the presence of [ 14 N]nitrogen in the immediate neighborhood of the SQ that interact with its unpaired spin.
Additional information about the relations between the different nitrogen frequencies observed was obtained from twodimensional HYSCORE spectra. The non-diagonal cross-peaks in HYSCORE spectra correlate nuclear frequencies from the different electron spin manifolds belonging to the same nucleus. Fig. 3b shows a typical HYSCORE spectrum which contains only two off-diagonal cross-peaks in the (ϩϩ) quadrant, correlating frequencies 1.7 and 3.1 MHz. The contour line shape of these cross-peaks is circular, indicating the absence of any significant anisotropy of the corresponding transitions which would otherwise produce ellipsoid contour line shapes. There are no other well pronounced correlations, probably because of the extended anisotropic character of other transitions in both electron spin manifolds.
14 N can produce up to six lines in ESEEM spectrum, three from each of two electron spin manifolds with m S ϭ ϩ 1 ⁄2 or Ϫ 1 ⁄2. Because of their different orientation dependence, not all transitions contribute equally to the spectra when measurements are made using amorphous samples (powder-type samples, as in the case of the frozen suspensions of the bc 1 complex used in these experiments). The type of powder ESEEM spectrum expected from 14 N with isotropic hyperfine coupling A is governed by the ratio between the effective nuclear frequency in each manifold, efϮ, given by efϮ ϭ ͉ I Ϯ A/2͉, and the quadrupole coupling constant, K, given by K ϭ e 2 qQ/4h (25) . If efϮ /K Ͻ 1, then the three nuclear frequencies in a corresponding manifold will be close to three pure nuclear quadrupole resonance frequencies of 14 N, which would produce three narrow peaks at
with the property ϩ ϭ Ϫ ϩ o, where the term is an asymmetry parameter. However, such lines are not present in the ESEEM spectra reported here, so we can exclude this case from consideration. If efϮ /K Ͼ 1, only a single narrow line from each corresponding manifold is expected, produced by a transition at the maximal frequency, which is actually a double-quantum transition between two outer states with m I ϭ Ϫ1 and 1. The frequency of this transition is described by the formula dqϮ ϭ 2[ The observation of only two narrow peaks at 1.7 and 3.1 MHz in three-pulse ESEEM spectra belonging to opposite manifolds indicates a 14 N with both ratios efϩ /K Ͼ 1 and efϪ /K Ͼ 1. These peaks could, therefore, be assigned to the double-quantum transitions dqϩ ϭ 3.1 MHz and dqϪ ϭ 1.7 MHz. Thus, analysis of the ESEEM spectra shows interaction of the SQ spin with a single nitrogen characterized by an isotropic hyperfine coupling, A, of ϳ0.8 MHz and a quadrupole coupling constant, K, of ϳ0.35 MHz. This isotropic hyperfine coupling suggests the existence of an atomic bridge for the transfer of spin density from the SQ on this protein nitrogen. The only likely mechanism for such a transfer is a hydrogen bond between one of the SQ oxygens and the protein nitrogen identified.
The value of the quadrupole coupling constant K determined above allows us to reach a firm conclusion about the type of nitrogen involved in the interaction with SQ and to correlate it with crystallographic structures of the mitochondrial bc 1 complexes. Because the experiments reported here were performed with the bc 1 complex from R. sphaeroides, we must first consider how the Q i site in this complex aligns with those from the mitochondrial complexes. Fortunately, sequence alignments show that the spans containing the liganding residues are highly conserved, and a structure of the Rhodobacter capsulatus bc 1 complex at 3.5-Å resolution 2 shows that the tertiary structure for these spans is also conserved. From the alignments and the structure, the residues likely acting as ligands are His-217 (His-202), Asn-221 (Ser-206), and Asp-252 (Asp-229) (residues in parentheses are yeast or chicken equivalents; for the bovine sequence, subtract 1). Strong support for an important role in catalysis has come from mutagenesis of each of these residues in both Rhodobacter species (16, 26, 27) . From alignment with the mitochondrial structures, there are no other side-chain or backbone nitrogen atoms that could be expected to interact with the semiquinone. Therefore, we can confine our discussion to the two residues with potential nitrogen ligands in the immediate neighborhood of quinone in the Q i site; His-217 with the two nitrogen atoms of the imidazole ring, and Asp-221 with the -NH 2 group of the amide side chain. Values for K from amino acid side chains have been studied extensively. For 14 N of the side-chain -NH 2 group in L-asparagine, the value for K measured by nuclear quadrupole resonance is 0.63 MHz (28) . The nuclear quadrupole resonance method also provides a value for the asymmetry parameter, ϭ 0.39, which allows us to calculate a value for of 1. (20) , state B represents the structure of Berry and co-workers (24) , and state C represents the structure determined here by ESEEM. The second electron transfer is reversible, so that formation of the semiquinone from QH 2 upon addition to the oxidized complex would be represented by reversal of transitions leading to the formation of state A from C. No attempt has been made to show the many different states of protonation of the residues involved, and the particular points of entry of H ϩ in the scheme should, therefore, be regarded as flexible and would change with pH. dine are equal to K ϭ 0.81-0.84 MHz ( ϭ 0.13), ϭ 1.98 -2. of the nitrogen interacting with SQ in the Q i site compared with the nitrogens in L-histidine hydrochloride, we can conclude with some confidence that the N-O distance between the carbonyl oxygen of the SQ and an imidazole nitrogen of His-217 has a value between 2.5 and 3.1 Å. In the 2.1-Å resolution structure of the bovine mitochondrial complex, a similar value (2.52 Å) for the hydrogen bond length for interaction of His-201 with Q is found. Therefore, the bond lengths are similar for the EPR and crystallographic structures, although the bonds are probably to different quinone species.
The characteristics of the nitrogen involved in magnetic interaction with the SQ are also consistent with the previous studies of semiquinones that are liganded by histidines in photosynthetic reaction centers. The most recent ESEEM study of the semiquinone radical of Q A Ϫ in Photosystem II membranes at various pH values has reported the presence of two protein nitrogens magnetically coupled to the Q A Ϫ spin (34) . One of them with K ϭ 0.82 MHz and A ϳ 2.1 MHz is assigned to an amide nitrogen from the protein backbone, whereas the second one with K ϭ 0.35 MHz and A ϳ 1.7 MHz is attributed to the imino nitrogen, N-␦, of an imidazole. The contributions of these nitrogens to the ESEEM spectra were pH-sensitive, in line with their involvement in hydrogen bonding with the SQ. Earlier, the formation of hydrogen bonds with N-␦ histidine nitrogen (K ϭ 0.38 MHz and A ϭ 1.1 MHz) and with a peptide nitrogen (K ϭ 0.76 MHz and A ϭ 1.8 MHz) were reported for reduced primary acceptor quinone Q A Ϫ in reaction centers of R. sphaeroides (13) . The quadrupole characteristics determined here for SQ in the Q i site of the bc 1 complex almost exactly match the values assigned to an imidazole nitrogen of histidine in both reaction centers, thus providing additional support for our assignment and for the involvement of this nitrogen in hydrogen bonding to the semiquinone at the Q i site.
On other hand, we did not find any evidence for the transfer of measurable unpaired spin density on the nitrogen of the -NH 2 of the Asn-221. This allows us to exclude hydrogen bond formation between this nitrogen and the ϾCϭO group in the pH range of our experiments. Furthermore, no participation of peptide nitrogens in hydrogen bonds was detected. Therefore, the possibility of other hydrogen bonds with SQ remains an open question. However, it seems likely that a hydrogen bond formed with the methoxy oxygen would hold much less unpaired spin density than the carbonyl oxygen interacting with histidine nitrogen and would not generate a prominent feature in the 14 N spectra. The presence of this additional H-bonded nitrogen atom could be better tested by experiments with 15 Nlabeled bc 1 complex, where the dipolar coupling would allow exploration at the expected distance. This isotopic substitution will also allow us to determine the anisotropic part of the hyperfine interaction for histidine nitrogen. Experiments to this end are in progress. We will also report separately on interactions with local protons and the changes on substitution of 2 H 2 O, or after the addition of deuterated ubihydroquinone, separately.
We can conclude that the semiquinone generated at the Q i site of the bc 1 complex from R. sphaeroides, either directly through reduction of heme b H by ubiquinol or through equilibrium redox titration, is liganded by an H-bond from an imidazole nitrogen of histidine. It seems highly likely that this is His-217, equivalent to His-201 seen as a ligand to the quinone occupant in the bovine mitochondrial complex. This correlation also strongly suggests that the bovine structure shows a physiologically relevant configuration. The different configuration seen in the yeast complex raises the question of a dynamic role for this histidine (Fig. 4) . We note that the crystallization conditions for the yeast structure included a pH Ϸ 8.5, compared with the slightly acidic pH used for the crystallography of the bovine complex of Fig. 1 . Formation of an H-bond with the ϾCϭO of quinone would require a protonated nitrogen, shown as the N-⑀ in Fig. 1 (bottom) , which is consistent with assignment of the N-⑀ as the group with a higher pK. However, both protonated and singly deprotonated forms are tautomeric, so interaction energies will be felt across the ring. Formation of the SQ from the QH 2 would be expected to release at least one proton because of the low pK of the QH . ϩ 2 state. The redox titration data suggest that the SQ is anionic, so formation of the semiquinone from QH 2 might be expected to involve a second proton. Therefore, it seems possible that the groups forming H-bonds to the two oxygen atoms of the SQ are both hydrogen donors. In exploring different conditions for formation of the SQ in this study, the pH was varied from 7.5 to 9.0, without any obvious effect in the 14 N ESEEM spectra. We can further conclude that the nature of the nitrogen ligand did not change over this range. If the SQ is anionic, it would likely raise the pK of the histidine ligand so as to favor protonation. For the quinone, the strength of the H-bond might be expected to vary with protonation state, and the different crystallographic structures, therefore, might simply reflect the different ligand strengths for states populated at the different pH values for crystallization. The structures can be interpreted as showing a role for the histidine in the transfer of at least one proton into or out of the chemistry of the site. In the normal forward direction, the histidine may or may not be protonated on binding the quinone, depending on local pH. At physiological pH of the mitochondrial matrix, it would likely be deprotonated but would become protonated on formation of the SQ. Upon transfer of a second electron, the proton would be formally transferred to the quinol, leaving the histidine deprotonated on release after formation of the quinol. Rotation of the histidine away from its liganding configuration combined with the exit of the QH 2 would open up the site for population with additional water molecules. This would allow protonation of the aspartate ligand that presumably serves a similar H ϩ donation function for the other ϾCϭO group.
